The aggregation of α-synuclein, an intrinsically disordered protein that is highly abundant in neurons, is closely associated with the onset and progression of Parkinson's disease. We have shown previously that the aminosterol squalamine can inhibit the lipid induced initiation process in the aggregation of α-synuclein, and we report here that the related compound trodusquemine is capable of inhibiting not only this process but also the fibril-dependent secondary pathways in the aggregation reaction. We further demonstrate that trodusquemine can effectively suppress the toxicity of α-synuclein oligomers in neuronal cells, and that its administration, even after the initial growth phase, leads to a dramatic reduction in the number of α-synuclein inclusions in a Caenorhabditis elegans model of Parkinson's disease, eliminates the related muscle paralysis, and increases lifespan. On the basis of these findings, we show that trodusquemine is able to inhibit multiple events in the aggregation process of α-synuclein and hence to provide important information about the link between such events and neurodegeneration, as it is initiated and progresses. Particularly in the light of the previously reported ability of trodusquemine to cross the blood-brain barrier and to promote tissue regeneration, the present results suggest that this compound has the potential to be an important therapeutic candidate for Parkinson's disease and related disorders.
T he aggregation of α-synuclein, a 140-residue protein highly expressed in neuronal synapses, 1−5 is a hallmark of the pathogenesis of a variety of neurodegenerative disorders collectively known as α-synucleinopathies, including Parkinson's disease (PD), PD with dementia, dementia with Lewy bodies, and multiplesystem atrophy. 5−12 The mechanism of aggregation of α-synuclein is highly complex and is modulated by a variety of environmental factors, such as pH, temperature, ionic strength, and the presence of cosolvents, and by its interactions with a range of cellular components, including lipid membranes. 13−20 In addition, the aggregation process is highly heterogeneous and leads to the formation of multiple types of fibrillar and prefibrillar species, the degree of polymorphism of which also depends on the experimental conditions. 21−26 Although it is challenging to study the mechanistic events associated with α-synuclein aggregation, a detailed understanding of this process is of considerable importance for the rational development and evaluation of potential therapeutics directed at reducing or eliminating the underlying sources of toxicity that lead to PD. 10,27−29 The aggregation of α-synuclein has been shown to be enhanced dramatically by its binding to lipid membranes; 14, 30 disrupting such interactions with small molecules therefore, has the potential to provide new information about the molecular processes involved in pathogenicity and could also represent the basis for an effective therapeutic strategy. In this context, we have recently found that the aminosterol squalamine 31−33 interferes with the binding of α-synuclein to membranes, reduces the initiation of its aggregation in vitro, and decreases the toxicity associated with such aggregation in human neuroblastoma cells and in a C. elegans model of PD. 29 The existence of additional natural aminosterol compounds related to squalamine 33 prompted us to explore their effects on the formation and properties of α-synuclein aggregates in vitro and in vivo. One such compound, trodusquemine (also known as MSI-1436, Figure S1a ), 32−34 belongs to a class of cationic amphipathic aminosterols that have been widely studied in both animal models and in clinical trials in relation to the treatment of cancer, 35 anxiety, 36 and obesity. 37, 38 Trodusquemine was initially isolated from dogfish shark liver as a minor aminosterol along with six other related compounds, including squalamine. 33 Moreover, it has since been shown to be able to cross the blood−brain barrier, a property of considerable importance for any therapeutic molecule for the treatment of neuropathic disorders. 31 In addition, trodusquemine has been shown to be able to stimulate regeneration in a range of vertebrate tissues and organs following injury with no apparent effect on uninjured tissues. 39 Trodusquemine shares the same parent structure as squalamine, but with a spermine moiety replacing the spermidine on the side chain, resulting in an increased positive charge ( Figure S1a) .
Given the structural similarity between trodusquemine and squalamine, and previous reports suggesting that the more positively charged trodusquemine is likely to enhance its ability to reduce negative electrostatic surface charges on intracellular membranes, 32, 40 we set out to characterize the effects of trodusquemine on the aggregation kinetics of α-synuclein in vitro using experimental conditions previously used to study individual microscopic steps in the aggregation of α-synuclein in the absence of any aminosterol. 15, 41 Our first studies of the effects of trodusquemine presented here were aimed to probe its effects on the initiation of α-synuclein aggregation in the presence of lipid vesicles, 14, 15, 30, 41 on fibril elongation, 13, 15, 41 and on secondary nucleation. 13, 15, 41, 42 We then explored the effects of trodusquemine on inhibiting the cytotoxicity of preformed oligomers of α-synuclein toward neuronal cells. 43 We also evaluated the effects of trodusquemine using a well-established transgenic C. elegans model of PD, in which α-synuclein forms inclusions over time in the large muscle cells leading to age-dependent paralysis. 29 ■ RESULTS AND DISCUSSION Trodusquemine Inhibits Both the Lipid-Induced Initiation and the Fibril-Induced Amplification Steps of α-Synuclein Aggregation. In order to characterize systematically the influence of trodusquemine on the microscopic events involved in the aggregation of α-synuclein, we employed a previously described three-pronged chemical kinetics strategy. 13, 15, 41, 42 This approach involves the study of α-synuclein aggregation under a series of specifically designed conditions that make it possible to characterize separately the processes of heterogeneous primary nucleation, 14 fibril elongation, 13, 15, 41, 42 and fibril amplification, 13, 15, 41, 42 the latter including secondary processes such as fragmentation and surface-catalyzed secondary nucleation that result in the proliferation of aggregated forms of α-synuclein.
First, we tested the influence of trodusquemine on the lipidinduced initiation of α-synuclein aggregation. 14, 15 Using 1,2-Dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS) vesicles at 30°C, 14 we observed that increasing concentrations of trodusquemine resulted in an increase in the diameter of the vesicles to above 100 nm for trodusquemine-to-lipid ratios above 0.2, as monitored by dynamic light scattering ( Figure S2a ). We have shown previously that variations in the size of the vesicles below 100 nm does not affect the kinetics of aggregation of α-synuclein, 14 and so in the present study we carried out all kinetic and lipidbinding experiments at trodusquemine-to-lipid ratios below 0.2. α-Synuclein was therefore incubated at a variety of concentrations, ranging from 20 to 100 μM, in the presence of 100 μM DMPS under quiescent conditions at 30°C, and in the presence of concentrations of trodusquemine ranging from 0 to 10 μM. The aggregation reaction was monitored in real time using ThT fluorescence ( Figures S3 and S4 ), and we observed a dose-dependent inhibition of the lipid-induced aggregation of α-synuclein by trodusquemine, which was very similar to that observed in the presence of squalamine. 29 In light of these results, we investigated the influence of trodusquemine on the lipid-binding properties of α-synuclein using far-UV circular dichroism (CD) spectroscopy. We incubated 5 μM α-synuclein in the presence of 250 μM DMPS and increasing concentrations of trodusquemine (0−50 μM; Figure S2b ,c). At the protein-to-lipid ratio used in these experiments, effectively all the protein molecules in the absence of trodusquemine are bound to the surface of DMPS vesicles in an α-helical conformation, as predicted from the binding constants previously determined for the α-synuclein-DMPS system 14 ( Figure S2b ). In the presence of increasing concentrations of trodusquemine, the CD signal of α-synuclein measured at 222 nm increases from a value characteristic of an α-helix to that of a random coil ( Figure S2c ), indicating that trodusquemine, like squalamine, can displace α-synuclein from the surfaces of vesicles.
We then analyzed these data using the competitive binding model that was used to describe the displacement of α-synuclein from vesicles by β-synuclein 13, 15, 41 and by squalamine, 29 in which α-synuclein and β-synuclein or squalamine compete for binding sites at the surface of the DMPS vesicles. This analysis allowed us to determine both the dissociation constant (K D,T ) and stoichiometry (L T ) associated with the trodusquemine−DMPS system, K D,T = 1.62 × 10 −8 M and L T = 5.1 ( Figure S2c ). In comparable experiments conducted with the squalamine−DMPS system, we found K D,S = 6.7 × 10 −8 M and L S = 7.3, respectively; 29 the higher affinity for the anionic phospholipids by trodusquemine compared to squalamine is expected on the basis of the higher net positive charge of the former zwitterion. To characterize this inhibition in more detail, we analyzed the early time points of the aggregation reaction (see Materials and Methods for details) by globally fitting a single-step nucleation model to the kinetic traces as previously described for squalamine 14 (Figures 1a,b , S4 and S5). This analysis is described in the Supporting Information (SI) and indicates that trodusquemine inhibits α-synuclein lipid induced aggregation via a somewhat more complex mechanism than that reported for squalamine. In particular, our analysis suggests that the mechanism involves not only the displacement of
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Articles monomeric α-synuclein from the membrane, as observed for squalamine, but also the interaction with intermediate species on the aggregation pathway; indeed, such interactions could also contribute to the ability of trodusquemine to suppress the interaction of α-synuclein oligomers with cell membranes as described below.
We next explored the influence of trodusquemine on fibril elongation and secondary nucleation using experiments carried out in the presence of preformed fibrils at neutral and acidic pH. 13, 15, 41 We studied fibril elongation by performing experiments with monomeric α-synuclein (20−100 μM) in the presence of preformed fibrils of the protein at a concentration of 5 μM (monomer equivalents) under quiescent conditions at pH 6.5 and 37°C (Figures 1c and S6); under these conditions, the kinetics of α-synuclein aggregation have been found to be dominated by the rate of fibril elongation. 13, 15 The kinetic profiles of the aggregation reaction were then acquired in the presence of various concentrations of trodusquemine [0−10 μM]. In all cases, the ThT fluorescence was found to decrease slowly during the apparent plateau reached at the end of the reaction. This behavior is often observed in such measurements, primarily because fibrils formed during the reaction tend to assemble into large assemblies with reduced exposed surface area available for ThT interaction. 13, 15, 41 For each trodusquemine concentration, 
Articles we extracted the elongation rate through linear fits of the early time points of the kinetic traces 13, 15 and found that trodusquemine does not detectably influence fibril elongation (Figures 1d and S7 ). We then explored the influence of trodusquemine on fibrilcatalyzed secondary nucleation by incubating monomeric α-synuclein (60−100 μM) at 37°C in the presence of preformed fibrils at a concentration of 50 nM (monomer equivalents) with increasing concentrations of trodusquemine (0−10 μM) under quiescent conditions at pH 4.8 13, 15, 41 (Figures 1e,f , S8, S9). We then analyzed the change in fibril number concentration as previously described 15 and found that the rate of secondary nucleation decreased significantly with increasing concentrations of trodusquemine.
The observation that trodusquemine can inhibit secondary nucleation processes is likely to be associated with its ability to bind to the surfaces of amyloid fibrils, as such a situation has been found for molecular chaperones that show similar abilities. 44 We therefore probed the binding of trodusquemine to α-synuclein fibrils by incubating preformed fibrils at a concentration of 10 μM (monomer equivalents) overnight with equimolar concentrations of trodusquemine, followed by an ultracentrifugation step. 29 We determined the concentration of trodusquemine in the supernatant before and after incubation with fibrils using mass spectrometry ( Figure S10 ) and found that approximately 70% of the trodusquemine molecules were associated with the fibrils, consistent with its ability to bind to their surfaces and inhibit the secondary nucleation of α-synuclein. In summary, therefore, we observed that trodusquemine inhibits both the lipid-induced initiation and the fibril-induced amplification (secondary nucleation) step, in the process of α-synuclein aggregation (Figure 1g ). This behavior can be attributed, at least in large part, to its ability to displace the protein from the surface of both lipid vesicles and fibrils.
In order to exclude the probability that any contribution to the observed effects was a result of the quenching of ThT by trodusquemine, we incubated preformed α-synuclein fibrils with ThT in the presence or absence of trodusquemine and could see that the compound did not affect the ThT signal to any detectable extent ( Figure S11 ). In addition, because it has been found in some cases that a small molecule can inhibit the aggregation by sequestering proteins in a nonspecific manner as micelles or larger aggregates, 45 we investigated the behavior of trodusquemine itself under the conditions used here (20 mM phosphate buffer, pH 6.5, 30°C), using 1D 1 H and 2D 1 H diffusion ordered spectroscopy (DOSY) experiments (Figures S12 and S13). The comparison of the trodusquemine intensities with those of an internal standard with the same concentration indicated that trodusquemine is largely (>95%) soluble under these conditions ( Figure S12 ). Moreover, a diffusion coefficient of 2.42 × 10 −10 m 2 s −1 , which is typical of a small molecule of this size in an aqueous solution, was determined for trodusquemine under these conditions, ruling out its self-assembly in solution ( Figure S13 ). This result is supported by the absence of significant effects in the elongation step described above (Figure 1 ), which would be decreased if the concentration of free monomeric trodusquemine were reduced.
Trodusquemine Suppresses the Toxicity of α-Synuclein Oligomers in Human Neuroblastoma Cells by Inhibiting Their Binding to the Cell Membrane. In an additional series of experiments, we explored the effect of trodusquemine on the cytotoxicity associated with the aggregation of α-synuclein. 43, 46, 47 We prepared samples of toxic type B* oligomers based on recently developed protocols 46, 47 and added them to the cell culture medium of human SH-SY5Y neuroblastoma cells at a concentration of 0.3 μM (monomer equivalents of α-synuclein). The MTT assay, which provides a measure of cellular viability (see Methods for details), confirms previous results that these oligomers are toxic to cells (Figure 2a ). We then treated the cells with these oligomers (0.3 μM) in the presence of increasing concentrations of trodusquemine (0.03, 0.1, and 0.3 μM) and observed that the toxicity was markedly reduced, particularly at the highest trodusquemine concentration (0.3 μM) where essentially complete protection was observed (Figure 2a ). In addition, these α-synuclein oligomers (0.3 μM) in the absence of trodusquemine were shown to induce an increase in the levels of reactive oxygen species (ROS) in this cell model, indicating their ability to inflict cellular damage ( Figure 2b ). Repeating the experiments with increasing concentrations of trodusquemine (0.03, 0.3, and 3.0 μM), however, resulted in a marked decrease in the degree of ROS-derived fluorescence, showing a welldefined dose dependence and virtually complete inhibition of intracellular ROS production at a protein-to-trodusquemine ratio of 1:10 ( Figure 2b ).
We next investigated the mechanism by which trodusquemine inhibits α-synuclein oligomer toxicity by probing the interactions between the oligomers (0.3 μM) and human SH-SY5Y cells at increasing concentrations of trodusquemine (0.03, 0.3, and 3.0 μM) using anti-α-synuclein antibodies in conjunction with confocal microscopy. The images were scanned at apical planes to detect oligomers (green) interacting with cellular surfaces (red) by confocal microscopy (Figure 2c ). Following the addition of the α-synuclein oligomers to the cell culture medium, a large number of these species were observed to be associated with the plasma membranes of the cells, but their number was significantly and progressively decreased as the trodusquemine concentration was increased, showing a well-defined dose dependence ( Figure 2c ). We have shown previously that the toxicity caused by protein oligomers, which are membrane disruptive, 43, 47, 48 correlates with the affinity of membrane binding. 49 This protective effect can therefore be attributed to the reduced ability of α-synuclein oligomers to interact with the cell membranes in the presence of trodusquemine. Such protection is likely to result from the ability of trodusquemine to bind to the cellular membranes and displace the oligomers from them, and potentially through its interactions with the oligomeric species themselves as suggested by the in vitro experiments on lipid binding discussed above.
Trodusquemine Inhibits Formation of the α-Synuclein Inclusion in a C. elegans Model of PD and Increases Both Fitness and Longevity of the PD Worms. To examine whether or not trodusquemine shows the effects observed in cell cultures in a living organism, we used a well-established C. elegans model in which α-synuclein is overexpressed in the large muscle cells ("PD worms") that shows age-dependent inclusion formation and related toxicity, which can be measured by a decrease in the number of body bends per minute (BPM), an increase in paralysis rate, and a decrease in the speed of movement. 29 As described previously for squalamine, we first carried out experiments aimed at optimizing the treatment profile of the worms. 29 We evaluated different treatment schedules by administering trodusquemine as a single, continuous dose either at an early stage of the life of the animals (L4 larval stage) or late in adulthood (D5, adulthood stage; Figure 3a ).
We then investigated PD worms expressing α-synuclein fused to the yellow fluorescent protein (YFP), and also control worms expressing only YFP, in conjunction with fluorescence microscopy
Articles in order to probe the number and distribution of α-synuclein inclusions. 50, 51 The expression of YFP in the large muscle cells of the control animals was uniform and did not lead to the formation of visible inclusions at D12 of adulthood; furthermore, the YFP expression pattern was not significantly affected by the administration of trodusquemine and was constant with age ( Figure 3b ). By contrast, PD worms in the absence of trodusquemine were found to have large numbers of inclusions at D12, with the number decreasing significantly (up to 50%) after treatment with trodusquemine either at the L4 larval stage (p < 0.001 at D12) or at D5 of adulthood (p < 0.001 at D12). Indeed, treatment of the PD worms at the L4 larval stage, prior to the appearance of α-synuclein aggregates, significantly reduced the rate of formation of visible α-synuclein inclusions as the animals progressed through adult stages (Figure 3c ). In addition, initiation of treatment of the PD worms as adults on D5, after α-synuclein inclusions had already appeared in the animals, also significantly decreased the subsequent rate of formation of inclusions as the animals aged ( Figure 3c ).
In an additional series of experiments, the functional behavior of the worms was found to be correlated with the observed effects on inclusion formation. We observed that PD worms treated at the L4 larval stage showed a strongly increased frequency of body bends per time unit (p < 0.001 at D14), an increased speed of movement (p < 0.001 at D14), and a decreased rate of paralysis (p < 0.001 at D14) in comparison to untreated PD worms. Indeed, the behavior of the PD worms treated with 10 μM trodusquemine was comparable to that of the healthy control worms (Figure 3d ). Accordingly, trodusquemine appears to share similarities in its mode of action with compounds that inhibit the primary nucleation events in protein aggregation such as squalamine. 29 We observed in addition, however, that PD worms treated at D5 of adulthood also showed a greatly decreased fraction of paralyzed animals (p < 0.001 at D14) in combination with increased body bends per time unit (p < 0.001 at D14) and speed of movement (p < 0.001 at D14) ( Figure 3d ). Taken together, these results suggest strongly that trodusquemine has the ability to inhibit secondary nucleation as observed in vitro (Figure 1) . 
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Thus, in this animal model of PD, trodusquemine exhibits both prophylactic and therapeutic efficacy with respect to the formation of α-synuclein aggregates. By calculating the "total fitness" score, which is a linear combination of the various types of behavior of the worms, including frequency of body bend, speed of movement, and paralysis rate, 29 the significant increase in the health of PD worms treated with trodusquemine at L4 (p < 0.001 at D14) and D5 (p < 0.001 at D14) in comparison to untreated PD worms is clearly evident (Figure 3e ).
In addition to such protective actions on the effects of aggregation, exposure of trodusquemine at either L4 (p < 0.001 at D20) or D5 (p < 0.001 at D20) significantly increased the longevity of the PD worms, related to untreated animals (Figure 3f ). The lifespan (described here as the age at which there is the 50% 
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Articles mortality of the population) of untreated PD worms was about 17 ± 1 days, similar to that of control individuals (Figure 3f ). Treatment of the PD worms at L4 extended longevity to 24 ± 1 days and at D5 to 20 ± 1 days, in each case exceeding the longevity of healthy control animals. Intriguingly, trodusquemine administration also improved the survival of control animals (Figure 3g ), although to a lesser extent, suggesting that the effect of trodusquemine on lifespan is enhanced in the presence of tissue injury caused by the accumulation of α-synuclein inclusions. Longevity in C. elegans has been studied extensively, and the roles of multiple pathways including insulin/insulin-like growth factor (IGF)-1 signaling, and dietary restriction, have been shown to influence lifespan. 52−57 Of particular significance in the context of our observations is the report that trodusquemine can stimulate regeneration in various vertebrate tissues and organs following injury, including those of adult mice, through mobilization of stem cells, with no apparent effect on the growth of uninjured tissues. 39 The electrostatic interactions between trodusquemine and membrane-associated phosphatidylinositol 3,4,5-triphosphate (PIP3), driven by the spermine moiety, could also play an important role in this phenomenon, as the displacement of specific PIP3 binding proteins has been shown to increase fitness and longevity in wild type and PD models in C. elegans. 58 Further experiments will, however, be required to define in detail how trodusquemine extends, in particular, the lifespan of the PD worms and its potential relevance to human subjects.
■ CONCLUSIONS
We have shown that the aminosterol trodusquemine inhibits the lipid-induced initiation of aggregation of α-synuclein in vitro, whereas it has no detectable effect on the rate of elongation of fibrils. As with the related aminosterol squalamine, trodusquemine inhibits the initiation of aggregation, but we have also found, however, that it inhibits the secondary nucleation of α-synuclein, thereby reducing the proliferation of the aggregates. The reduction by trodusquemine of both these nucleation processes will reduce substantially the number of potentially toxic aggregates, providing an explanation for the observation of the substantial protective effects of trodusquemine observed both in cultured cells and in a C. elegans model of PD. As with squalamine, 29 trodusquemine appears to be able to displace α-synuclein and its oligomers from the membrane, inhibiting both the lipidinduced initiation of the aggregation process and the ability of the oligomers to disrupt the integrity of membranes. In addition, these molecules may interact directly with the oligomers to reduce their inherent toxicity. Intriguingly, administration of trodusquemine also extends the longevity of the PD worms, beyond even that of control animals and to an extent larger than that observed with squalamine. Taken together, these results suggest that trodusquemine, which can cross the blood−brain barrier, could have multiple benefits in the context of human αsynucleinopathies, ranging from an increased understanding of the nature and progression of these conditions to disease modification and tissue regeneration.
■ MATERIALS AND METHODS
Reagents. 1,2-Dimyristoyl-sn-glycero-3-phospho-L-serine (sodium salt; DMPS) was purchased from Avanti Polar Lipids (Alabaster, AL, USA). Trodusquemine (as the chloride salt) was synthesized as previously described 31 and was greater than 97% pure as evaluated by mass spectrometry. Trodusquemine powder was used immediately after dilution.
Protein Expression and Lipid Preparation. Wild type human α-synuclein was recombinantly expressed and purified as described previously. 14, 15 For concentration measurements, we used an extinction coefficient of 5600 M −1 cm −1 at 275 nm. After the final size-exclusion chromatography step (20 mM phosphate buffer, pH 6.5), the protein was snap frozen in liquid nitrogen in the form of 1 mL aliquots and stored at −80°C. These aliquots were used without further treatment, except for the aggregation experiments at low pH where the pH was adjusted to the desired value with small volumes of 100 mM NaOH or HCl. The lipids were dissolved in 20 mM phosphate buffer (NaH 2 PO 4 / Na 2 HPO 4 ), pH 6.5, and 0.01% NaN 3 and stirred at ca. 45°C for 2 h. The solution was then frozen and thawed five times using dry ice and a water bath at 45°C. The preparation of vesicles was carried out on ice by means of sonication (3 × 5 min, 50% cycles, 10% maximum power on ice) using a Bandelin Sonopuls HD 2070 (Bandelin, Berlin, Germany). After centrifugation, the sizes of the vesicles were checked using dynamic light scattering (Zetasizer Nano ZSP, Malvern Instruments, Malvern, UK) and were shown to consist of a distribution centered on a diameter of 20 nm.
Circular Dichroism (CD) Spectroscopy. Data Acquisition. Samples were prepared as described previously 29 
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Aggregation Kinetics in the Presence of Lipid Vesicles. Data Acquisition. α-Synuclein was incubated at a concentration of 20−100 μM in 20 mM sodium phosphate, pH 6.5, and 0.01% NaN 3 , in the presence of 50 μM ThT, 100 μM DMPS vesicles, and increasing concentrations of trodusquemine (0 to 10 μM). 29 The stock solution of trodusquemine was prepared by dissolving the molecule in 20 mM phosphate buffer to a final concentration of 100 μM. The change in the ThT fluorescence signal with time was monitored using a Fluostar Optima or a Polarstar Omega (BMG Labtech, Aylesbury, UK) fluorimeter under quiescent conditions at 30°C. 29 Corning 96-well plates with half-area (black/clear bottom) nonbinding surfaces (Sigma-Aldrich, St. Louis, MO, USA) were used for each experiment.
Data Analysis. The early times of the aggregation curves of α-synuclein in the presence of DMPS and different concentrations of trodusquemine were fitted using the one-step nucleation model described previously 14 and the following equation:
where t is the time, M(t) is the aggregate mass, m(0) is the free monomer concentration, K M is the saturation constant of the elongation process (125 μM), 14 k n and k + are the rate constants of nucleation and elongation, respectively, and [DMPS]/L α is the concentration of proteinbinding sites at the surface of the membrane. First, the early times of the kinetic traces measured for α-synuclein in the presence of 100 μM DMPS and in the absence of trodusquemine were fitted using eq 3, with k n k + and n being global fitting parameters (see fits in Figure S4a ). The global fit yields n = 0.745 and k n k + = 8.6 × 10 −3 M −(n+1) ·s −2 . We then fixed n to 0.745 and fitted the early times of the data in the presence of trodusquemine using eq 3, with k n k + being the only global fitting parameter (see Figure S4b −f). This way, we obtain the effective rate of lipidinduced aggregation of α-synuclein relative to that in the absence of trodusquemine, at all α-synuclein and trodusquemine concentrations (see Figure S5 ):
where k n k + ′ is the product of the nucleation and elongation rate constants at a given [trodusquemine]/[α-synuclein] ratio. If trodusquemine were to inhibit α-synuclein lipid-induced aggregation via the same mechanism as that reported previously for squalamine 29 and β-synuclein, 14, 41 the effective rate should scale with a power of the coverage, i.e., r eff = θ α n b , where θ α is the fractional coverage of a lipid vesicle in α-synuclein and n b is the reaction order of lipid-induced aggregation with respect to θ α . In the absence of trodusquemine, θ α = 1, as we are in a regime where the vesicles are saturated. We determined θ α for the different [trodusquemine]/[α-synuclein] ratios used in our study using a simplified competitive binding model with the values of K D,T and L T determined in this study and K D,α and L α determined previously, 14 using n b = 5.5, as determined previously, 29, 41 and the following equations: 
where κ = K D,α /K D,T . We found that the values of r eff obtained at different [trodusquemine]/[α-synuclein] ratios do not scale simply as θ α n b , with the coverage θ α calculated using eqs 5 and 6 at the corresponding ratios, suggesting that trodusquemine inhibits α-synuclein lipid-induced aggregation via a more complex mechanism than that described for squalamine (see Figure S5 ), perhaps resulting from a direct interaction with the oligomeric species resulting in an inhibition of their inherent toxicity.
Seed Fibril Formation. Seed fibrils were produced as previously described. 15, 41 Briefly, we incubated 500 μL solutions of α-synuclein at concentrations between 500 and 800 μM in 20 mM phosphate buffer at pH 6.5 for 48−72 h at ca. 40°C with maximal stirring with a Teflon bar on an RCT Basic Heat Plate (IKA, Staufen, Germany). The fibrils were divided into aliquots, frozen in liquid N 2 , and stored at −80°C until required. For aggregation experiments, the seed fibrils were diluted to 200 μM monomer equivalents into the specific buffer to be used in the experiment and sonicated three times for 10 s using a Bandelin Sonopuls HD 2070 probe sonicator (Bandelin, Berlin, Germany), using 10% maximum power and 30% cycles.
Seeded Aggregation Kinetics. The seeded experiments were performed as described previously. 15, 41 Briefly, to probe fibril elongation, preformed seed fibrils (5 μM monomer equivalents) were added to solutions of monomeric α-synuclein (20−100 μM) in 20 mM phosphate buffer (pH 6.5) with 50 μM ThT, under quiescent conditions, at 37°C. For experiments to probe the influence on secondary nucleation, seeds (50 nM monomer equivalents) were added to monomeric α-synuclein Data Analysis. Data were analyzed as previously described. 15, 41 Mass Spectrometry. Experiments were carried out as previously described. 29 Briefly, fibrils of α-synuclein at a concentration of 10 μM (monomer equivalents) were incubated with 10 μM trodusquemine in 20 mM Tris, pH 7.4, and 100 mM NaCl overnight under quiescent conditions at RT. The samples were then centrifuged at 100,000g for 30 min and the supernatant then removed for analysis. Samples for the analysis by mass spectrometry were prepared as described, 29 and the experiments were run using a Waters Xevo G2-S QTOF sprectrometer (Waters Corporation, MA, USA).
Nuclear Magnetic Resonance (NMR) Spectroscopy. H 2 O was removed from trodusquemine by three cycles of lyophilization, and the compound was resolvated in 100% D 2 O (Sigma-Aldrich). It was then diluted into 20 mM phosphate buffer, pH 6.5, in 100% D 2 O to a final concentration of 10 μM. All NMR measurements were performed at 30°C on a Bruker AVANCE-500 spectrometer, operated at a 1 H frequency of 500.13 MHz, equipped with a cryogenic probe. Measurements of diffusion coefficients were performed using 2D 1 H diffusion ordered spectroscopy (DOSY) experiments. 59 These spectra were acquired using the standard "ledbpgppr2s" Bruker pulse program, using a bipolar gradient pulse pair-stimulated echo sequence incorporating a longitudinal eddy current delay, 60 with a diffusion time (Δ) of 100 ms and a gradient pulse length (δ) of 3 ms and increasing the gradient strength between 4.8 < g < 38.5 G cm −1 . The values of Δ and δ were chosen based on measurements of 1.5 mM trodusquemine in water, in which it is very soluble. To remove the signal from residual H 2 O in the sample, presaturation was used. Data for 1.5 mM trodusquemine in 100% D 2 O were collected with eight scans and 16 gradient steps, while data for 10 μM trodusquemine in 20 mM phosphate buffer were collected with 400 scans and 12 gradient steps. Individual rows of the pseudo-2D diffusion data were phased and baseline corrected. DOSY spectra were processed using the TopSpin 2.1 software (Bruker). The diffusion dimension was generated using the intensities (I) of resolved peaks between 3.0 and −0.5 ppm according to the Stejskal−Tanner equation 61
where γ is the gyromagnetic ratio, and using the DynamicsCenter 2.5.3 software (Bruker). 1D 1 H NMR spectra of 10 μM trodusquemine
Articles alone in 20 mM phosphate buffer, pH 6.5 and 30°C, made up in 100% D 2 O in the presence or absence of equimolar 4,4-dimethyl-4silapentane-1-sulfonic acid (DSS, Sigma-Aldrich) as an internal concentration standard. These spectra were acquired using the standard "noesypr1d" Bruker pulse program with presaturation to remove the signal from residual H 2 O in the sample. Spectra were processed using TopSpin 2.1.
ThT Binding to Trodusquemine. Preformed fibrils of α-synuclein (5 μM) were added to monomeric α-synuclein at a concentration of 100 μM and incubated in 96-well half-area, low-binding polyethylene glycol coating plate (Corning 3881, Kennebuck ME, USA) at 37°C in 20 mM phosphate buffer (pH 6.5) under quiescent conditions for 24 h. Then, the resulting longer fibrils were diluted to 50 μM α-synuclein with 50 μM ThT and the absence or presence of the indicated concentration of trodusquemine in 20 mM phosphate buffer (pH 6.5) and incubated at 37°C for 12 h. The fluorescence intensity of the different samples was measured using a plate reader (Fluostar Optima, BMG Labtech, Ortenberg, Germany).
Preparation of Oligomers. Samples of α-synuclein type B* oligomers were prepared as previously described. 47 Briefly, monomeric α-synuclein was lyophilized in Milli-Q water and subsequently resuspended in PBS, pH 7.4, to give a final concentration of ca. 800 μM (12 mg mL −1 ). The resulting solutions were passed through a 0.22 μm cutoff filter before incubation at 37°C for 20−24 h under quiescent conditions. 47 Very small amounts of fibrillar species formed during this time were removed by ultracentrifugation for 1 h at 90 000 rpm (using a TLA-120.2 Beckman rotor, 288 000g). Excess monomeric protein and any small oligomeric species were then removed by multiple cycles of filtration using 100 kDa cutoff membranes. The final concentration of the prepared oligomers was estimated using ε 275 = 5600 M −1 cm −1 .
Neuroblastoma Cell Cultures. Human SH-SY5Y neuroblastoma cells (A.T.C.C., Manassas, VA, USA) were cultured in DMEM, F-12 HAM with 25 mM HEPES, and NaHCO 3 (1:1) and supplemented with 10% FBS, 1 mM glutamine, and 1.0% antibiotics. Cell cultures were maintained in a 5% CO 2 humidified atmosphere at 37°C and grown until they reached 80% confluence for a maximum of 20 passages. 62 MTT Reduction Assay. α-Synuclein oligomers (0.3 μM monomer equivalents) were incubated without or with increasing concentrations (0.03, 0.1, and 0.3) of trodusquemine for 1 h at 37°C under shaking conditions and then added to the cell culture medium of SH-SY5Y cells seeded in 96-well plates for 24 h. The 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) reduction assay was performed as previously described. 63 Measurement of Intracellular ROS. SH-SY5Y cells were seeded on glass coverslips and treated for 15 min with α-synuclein oligomers (0.3 μM) and increasing concentrations (0.03, 0.3, and 3 μM) of trodusquemine. After incubation, the cells were washed with PBS and loaded with 10 μM 2′,7′-dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA; Life Technologies, CA, USA) as previously described. 62 The fluorescence of the cells was then analyzed by means of a TCS SP5 scanning confocal microscopy system (Leica Microsystems, Mannheim, Germany) equipped with an argon laser source, using the 488 nm excitation line. A series of 1.0-μm-thick optical sections (1024 × 1024 pixels) was taken through the cells for each sample using a Leica Plan Apo 63 oil immersion objective.
Oligomer Binding to Cellular Membranes. SH-SY5Y cells were seeded on glass coverslips and treated for 15 min with α-synuclein oligomers (0.3 μM) and increasing concentrations (0.03, 0.3, and 3 μM) of trodusquemine. After incubation, the cells were washed with PBS and counterstained with 5.0 μg/mL Alexa Fluor 633-conjugated wheat germ agglutinin (Life Technologies, CA, USA) to label fluorescently the cellular membrane. 29 After washing with PBS, the cells were fixed in 2% (w/v) buffered paraformaldehyde for 10 min at RT (20°C). The presence of oligomers was detected with 1:250 diluted rabbit polyclonal anti-α-synuclein antibodies (Abcam, Cambridge, UK) and subsequently with 1:1000 diluted Alexa Fluor 488-conjugated antirabbit secondary antibodies (Life Technologies, CA, USA). Fluorescence emission was detected after double excitation at 488 and 633 nm by the scanning confocal microscopy system described above, and three apical sections were projected as a single composite image by superimposition.
C. elegans Media. Standard conditions were used for the propagation of C. elegans. 64 Briefly, the animals were synchronized by hypochlorite bleaching, hatched overnight in M9 (3 g/L KH 2 PO 4 , 6 g/L Na 2 HPO 4 , 5 g/L NaCl, 1 μM MgSO 4 ) buffer, and subsequently cultured at 20°C on nematode growth medium (NGM) plates (1 mM CaCl 2 , 1 mM MgSO 4 , 5 μg/mL cholesterol, 250 μM KH 2 PO 4 , pH 6, 17 g/L Agar, 3g/L NaCl, 7.5 g/L casein) seeded with the E. coli strain OP50. Saturated cultures of OP50 were grown by inoculating 50 mL of LB medium (10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract) with OP50 cells and incubating the culture for 16 h at 37°C. NGM plates were seeded with bacteria by adding 350 μL of saturated OP50 cells to each plate and leaving the plates at 20°C for 2−3 days. On day 3 after synchronization, the animals were placed on NGM plates containing 75 μM 5-fluoro-2′deoxyuridine (FUDR).
Strains. The following strains were used: zgIs15 [P(unc-54)::αsyn::YFP]IV (OW40), in which α-synuclein fused to YFP relocates to inclusions, which are visible as early as day 2 after hatching and increase in number and size during the aging of the animals, up to late adulthood (day 17), 29, 65 and rmIs126 [P(unc-54)Q0::YFP]V (OW450). In OW450, YFP alone is expressed and remains diffusely localized throughout aging. 29, 65 Trodusquemine-coated plates. Plates were prepared as previously described. 29 Briefly, aliquots of NGM media were autoclaved, poured, and seeded with 350 μL of OP50 culture and grown overnight at RT. After incubating for up to 3 days at RT, aliquots of trodusquemine dissolved in water at different concentrations were added. NGM plates containing FUDR (75 μM, unless stated otherwise) were seeded with aliquots of the trodusquemine dissolved in water, at the appropriate concentration. The plates were then placed in a laminar flow hood at RT to dry, and the worms were transferred to plates coated with trodusquemine at larval stage L4.
Automated Motility Assay. All C. elegans populations were cultured at 20°C and developmentally synchronized from a 4 h egglay. At 64−72 h post-egg-lay (time zero), individuals were transferred to FUDR plates, and body movements were assessed over the times indicated. At different ages, the animals were washed off the plates with M9 buffer and spread over an OP-50 unseeded 6 cm plate, after which their movements were recorded at 30 fps using a recently developed microscopic procedure for 30 s or 1 min. 29 Up to 200 animals were counted in each experiment unless otherwise stated. One experiment that is representative of the three measured in each series of experiments is shown, and videos were analyzed using a custom-made tracking code. 29, 66 Lifespan Assays. Lifespan analysis was carried out as previously described. 67 On day 3 after synchronization, the animals were placed on NGM plates containing FUDR. On L4 or D5, they were manually transferred to plates seeded with 10 μM trodusquemine. Experiments were performed at 20°C. Lifespan experiments were performed with 75 animals per condition. At each time point, the number of surviving animals, determined by movement and response to nose touch, was counted. Animals that crawled out of the plates during the assay were excluded. Three independent experiments were carried out in each case, and one representative is shown. Analysis was performed using GraphPad Prism (GraphPad Software).
Quantification of Inclusions. Individual animals were mounted on 2% agarose pads, containing 40 mM NaN 3 as an anesthetic, on glass microscope slides for imaging. 29 Only the frontal region of the worms was considered. 29, 65 The numbers of inclusions in each animal were quantified using a Leica MZ16 FA fluorescence dissection stereomicroscope (Leica Microsystems, Wetzlar, Germany) at a nominal magnification of 20× or 40×, and images were acquired using an Evolve 512 Delta EMCCD Camera, with high quantum efficiency (Photometrics, Tucson, AZ, USA). Measurements on inclusions were performed using ImageJ software. 29 All experiments were carried out in triplicate, and the data from one representative experiment are shown in the figure. The Student's t test was used to calculate p values, and all tests were two-tailed unpaired unless otherwise stated. At least 50 animals were examined per condition, unless stated otherwise. 29 
